Magnetization switching by current-induced spin-orbit torques is of great interest due to its potential applications in ultralow-power memory and logic devices. The switching of ferromagnets with perpendicular magnetization is of particular technological relevance. However, in such materials, the presence of an in-plane external magnetic field is typically required to assist spin-orbit torque-driven switching and this is an obstacle for practical applications. Here, we report the switching of out-of-plane magnetized Ta/Co 20 Fe 60 B 20 /TaO x structures by spin-orbit torques driven by in-plane currents, without the need for any external magnetic fields. This is achieved by introducing a lateral structural asymmetry into our devices, which gives rise to a new field-like spin-orbit torque when in-plane current flows in these structures. The direction of the current-induced effective field corresponding to this field-like spin-orbit torque is out-of-plane, facilitating the switching of perpendicular magnets.
T he breaking of structural symmetries in nanomagnetic systems is of great interest for the development of ultralow-power spintronic devices. Structural asymmetry in various magnetic heterostructures has been engineered to reveal novel interactions between electric currents and magnetization, resulting in spinorbit torques (SOTs) on the magnetization [1] [2] [3] [4] [5] [6] that are both fundamentally and technologically important. In recent experiments, such SOTs have been used to realize current-induced magnetization switching [2] [3] [4] 7 and domain-wall motion [8] [9] [10] . Typical heterostructures exhibiting SOTs consist of a ferromagnet (F), on one side of which is a heavy non-magnetic metal (NM) with strong spin-orbit coupling and on the other an insulator (I) (shown schematically in Fig. 1a , breaking mirror symmetry in the growth direction). In terms of applications, the use of SOTs in NM/F/I structures allows for a significantly lower write current compared to regular spin-transfer-torque (STT) devices 4 , improving energy efficiency and scalability [1] [2] [3] [4] [5] 11 in SOT-based magnetic random access memory (SOT-MRAM) when compared to STT-MRAM.
The ability to perform SOT-induced switching without using external magnetic fields, in particular for perpendicularly magnetized ferromagnets (which are more scalable than in-plane ones 12 ), is important for applications. However, there are currently no practical solutions to achieve this. In NM/F/I heterostructures studied to date, the form of the resultant current-induced SOT alone does not allow for deterministic switching of perpendicular ferromagnets; the application of an additional external in-plane magnetic field is also required [2] [3] [4] . (This is a very general feature of SOT devices, which can be explained by symmetry-based arguments, as discussed in the following.) In such experiments, the field allows each current direction to favour a particular orientation for the out-of-plane magnetization component, resulting in deterministic perpendicular switching. Although this in-plane external field may in principle be integrated into the device by engineering the material stack, it is undesirable from a practical point of view. For memory applications, in particular, it reduces the thermal stability of the perpendicular bit by lowering the energy barrier between its stable states, reducing the retention time.
In this Article, we present a NM/F/I structure that exhibits zerofield current-induced switching of perpendicular magnetization. Our device consists of a stack of Ta/Co 20 Fe 60 B 20 /TaO x layers, with structural mirror asymmetry along the in-plane direction. The lateral asymmetry, in effect, replaces the role of the external in-plane magnetic field. We present experimental results on current-induced SOT switching of perpendicular magnetization without applied magnetic fields. We also present a symmetrybased analysis of SOT interactions and show that this type of bias-field-free switching originates from lateral symmetry-breaking, giving rise to a new field-like torque upon application of an in-plane current. The results add to the understanding of SOTs and their connection to symmetry-breaking and provide a potential pathway towards the design of practical perpendicular SOT devices.
Symmetry-based analysis of current-induced SOTs
The current-induced SOT terms, which are physically allowed for a particular device structure, can be determined based on their symmetry properties. Hence, symmetry arguments provide a tool for designing magnetic material and device structures to realize particular switching characteristics. Figure 1 schematically illustrates how lateral symmetry-breaking can give rise to current-induced perpendicular magnetization switching. The z axis points along the growth direction, and the current is applied along the x axis. The figure depicts the scenarios described in the following sections.
Mirror symmetry-breaking along z axis only Figure 1a depicts the case where mirror symmetry is broken only along the z axis (that is, preserving mirror symmetries along the x and y axes, similar to previous works [2] [3] [4] 7 ) in the absence of external magnetic fields. In this case, the symmetry-breaking results in current-induced SOTs, which, to quadratic order in m, consist of a field-like (FL) term T Here, m denotes a unit vector along the magnetization and g is the gyromagnetic ratio. Equivalently, these torques can be expressed in terms of effective magnetic fields, namely H represent the current-dependent proportionality constants for each term. Within simple microscopic models 14, 15 , such SOTs can be derived from the interfacial Rashba interaction 16 and/or the spin Hall effect in normal metals [17] [18] [19] [20] . In this case, the absence of deterministic perpendicular switching can be understood by performing a mirror reflection with respect to the x-z plane on the state with perpendicular magnetization component M z . 0, as illustrated in Fig. 1a . Under this transformation, the direction of the current density J is unaltered. However, magnetization (being a pseudo-vector) reverses its components parallel to the x-z plane, resulting in M z , 0 in the mirror state. Consequently, if a particular current direction allows an equilibrium magnetization state with M z . 0, the same direction of current should also favour a state with M z , 0. Therefore, a given current direction does not favour a unique perpendicular magnetization orientation, and no deterministic switching is obtained. This argument suggests that, to achieve current-induced switching of perpendicular magnetization, It is important to note the difference between an external field H ap and the damping-like field H DL y ; the latter does not break the mirror symmetry with respect to the x-z plane as it depends on m and changes sign when magnetization is reversed, while the former does break the aforementioned symmetry (see b). b, Symmetry with respect to the x-z plane is broken by applying an external magnetic field (H ap ) along the x direction. By fixing the direction of H ap (either positive or negative with respect to the x axis), a unique perpendicular magnetization state can be chosen for each current direction. c, The new perpendicular effective field (H mirror symmetry with respect to the x-z plane also has to be broken. This was achieved in previous works using an external magnetic field H ap (refs 3,7) along the current direction, as depicted in Fig. 1b . The mirror transformation in this case also reverses the external magnetic field. Thus, by fixing the external field direction along the current, the symmetry between magnetic states with opposite M z components is broken, allowing for a unique magnetic state. (For the case shown, a positive/negative external field favours the state with positive/negative M z .) Formally, this scenario has also been explained by solving for the equilibrium magnetization orientation in the presence of SOTs within a single-domain model 3 .
Mirror symmetry-breaking along both z and y axes When the mirror symmetry along the y axis is also broken, a particular current direction can uniquely determine the M z components. This is illustrated in Fig. 1c , where the structural asymmetry along the y axis consists of a varying thickness of the insulating layer. The mirror transformation in this case reverses the directions of both M z and J (with respect to the thickness wedge), hence associating each current direction with a unique M z orientation. Hence, breaking lateral structural inversion symmetry can replace the role of the external bias field. This is also reflected in the form of the allowed current-induced SOT terms. Using a symmetry-based phenomenology 21 , the current-induced SOT terms (up to quadratic order in m) due to mirror asymmetry along both the y-and z-axes are given by
Neglected in equation (1) are the symmetry-allowed dissipative torques (inexpressible as DL terms) that are not essential to this b, Structure of one device in the array (scale bar, 10 mm) and the measurement configuration. Each individual device is designed to have a lateral asymmetry due to the wedge in the TaO x . u is the angle between the Hall bar and the wedge direction (y axis). c, Effective perpendicular anisotropy field (H k ) as a function of position/thickness of the devices at room temperature. Owing to the non-uniform oxidation at the interface, which depends on the thickness of the initially deposited Ta, a non-monotonic distribution of H k is obtained. Note that the variation of H k with respect to position (dH k /dy) can be positive or negative, depending on the device location along the wedge. d, Perpendicular magnetization of Ta/CoFeB/TaO x measured by EHE at different locations along the wedge. A good correlation is found between the out-of-plane coercivity and H k , obtaining a maximum coercivity near the peak of the H k distribution.
experiment (Supplementary Section 1). In the last two terms of equation (1) 20 /TaO x interface were changed continuously across the wafer. The film was patterned into an array of Hall bars (shown in Fig. 2a,b) , with the transverse direction (the y axis) along the TaO x wedge (Fig. 2a) , breaking the mirror symmetry with respect to the x-z plane. Thus, application of a current along the Hall bars is expected to produce an out-of-plane effective magnetic field, based on the symmetry arguments already discussed.
The devices were characterized using extraordinary Hall effect (EHE) measurements, as shown in Fig. 2b . The effective perpendicular anisotropy field (H k ) of the Co 20 Fe 60 B 20 layer was determined using EHE measurements as a function of an in-plane magnetic field. Figure 2c shows the measured H k as a function of position along the TaO x gradient. It shows a non-monotonic dependence of perpendicular magnetic anisotropy (PMA) on position, indicating an increase on the thinner side of the wedge (dH k /dy . 0) and a decrease on the thicker side (dH k /dy , 0). The perpendicular magnetization, measured as a function of perpendicular magnetic field, is shown in Fig. 2d . For devices located on the central region of the wedge with largest H k , the loops are square-shaped with a large coercivity. As expected, they become less square-shaped and eventually turn into hard-axis-like loops on both sides of the wedge where H k is smaller. The observed PMA is due to interfacial magnetic anisotropy between the Co 20 Fe 60 B 20 film and its adjacent TaO x and Ta layers, similar to recent reports in other material systems [22] [23] [24] . The anisotropy associated with the TaO x interface is in turn affected by the appearance of Fe-O and Co-O bonds at the interface 23, 24 , exhibiting a non-monotonic dependence on oxygen content 25, 26 . As a result, the change of PMA across the wedge reflects the oxygen concentration gradient at the Co 20 Fe 60 B 20 /TaO x interface across the wafer.
We next performed EHE measurements for different direct currents applied along the x axis. Figure 3a -c shows the results for one device (device A, t Ta ¼ 1.65 nm before oxidation) in the dH k /dy . 0 region. As expected, small currents have almost no influence on the switching behaviour (Fig. 3a) . At larger currents, the centres of the hysteresis loops are shifted to the left for positive currents, indicating the presence of a perpendicular current-induced effective field H For currents in the opposite direction, the loops are shifted to the right. At I ¼+10 mA, the separation between the two loops for this device (Fig. 3c) is H FL z (10 mA) 2 H FL z (210 mA)≈ 22 Oe. It is interesting to compare this to the measurements shown in Fig. 3d-f , which show the EHE signal for a different device (device B, t Ta ¼ 1.94 nm before oxidation) in the dH k /dy , 0 region (that is, on the opposite side of the anisotropy peak in Fig. 2c ). In this case, the sign of the current-induced field is opposite to device A for the same direction of current. The separation between the two loops at I ¼+10 mA is H To further verify the role of symmetry-breaking, we conducted additional experiments on samples with a uniform TaO x layer. As expected, these samples showed a vanishingly small perpendicular effective field. In addition, the dependence of b on the angle between the wedge ( y axis) and the current flow direction was studied (Supplementary Section 3) . Both experiments further confirm the central hypothesis of this work.
Discussion of physical mechanisms
The symmetry argument does not provide any details about the microscopic mechanisms behind the current-induced effective fields seen in the hysteresis loops. In principle, in addition to new spin-orbit terms due to lateral symmetry-breaking, at least two other mechanisms may also contribute to the observed results. These are (1) current-induced magnetic (Oersted) fields and (2) spin-orbit terms due to symmetry-breaking along the growth direction, in conjunction with the anisotropy gradient. However, these were ruled out in our devices, as will be explained next.
The non-uniform oxidation of the TaO x layer may cause the current density to be non-uniform along the width of our devices. Hence, assuming there will be a larger current density on the less oxidized side of the Hall bar, this asymmetry will produce a net perpendicular magnetic field within the Hall bar area. Considering that the less oxidized part has a thicker metallic film and hence smaller resistance, for a particular current direction, this Oersted field would be expected to point in the same direction for all Hall bars, because they all have an identical direction of the TaO x thickness gradient. Therefore, based on the sample structure shown in Fig. 2a , the Oersted field should result in a negative sign of b for all devices, which is not the case in our experiments. This indicates that Oersted fields are not the origin of the observed H It should also be noted that, considering the size of the present samples and their relatively low perpendicular anisotropy, magnetization reversal occurs via a micromagnetic process, such as nucleation and propagation of domain walls. The symmetry-based argument presented earlier is also valid in the case of such micromagnetic reversal processes. For example, it has been shown recently in domain-wall-mediated SOT-induced switching experiments that, when lateral symmetry is broken by an applied in-plane magnetic field fixing the magnetization in the wall, conventional SOTs can result in deterministic switching 27 . In the present work no such magnetic field is present; however, the lateral symmetry is broken by the anisotropy gradient. Thus, in principle, it is conceivable that the presence of lateral symmetry-breaking due to an anisotropy gradient, in conjunction with conventional SOTs, might result in the observed switching via a non-trivial nucleation process. We ruled out this possibility by directly measuring the SOTs through independent second-harmonic measurements 5, 13, 28 in the presence of large external magnetic fields. The applied field was larger than the saturation field of our samples, ensuring single-domain behaviour during the experiment. For all devices measured, the first-harmonic signal could be fitted well using a single-domain model (Supplementary Section 5) . The results showed excellent agreement between the current-induced H FL z extracted from second-harmonic measurements (that is, where the samples were single domain) and values extracted from hysteresis loop shifts (Supplementary Fig. 10 ). Based on this agreement of the two independent measurements in all tested samples ( Supplementary Fig. 10 ), we believe that a new spin-orbit field-like torque due to lateral symmetry-breaking is the most likely origin of the present observations. Microscopically, the new field-like torque appears to stem from the lateral oxidation gradient at the Co 20 Fe 60 B 20 /TaO x interface, which can induce Rashba-like spin-orbit coupling with the effective electric field pointing along the wedging direction y. Namely, a microscopic electron Hamiltonian of the form H s · y × p (ref. 16 Fig. 1d , an electric field along the wedging direction could, in turn, originate from the redistribution of charges near the interface depending on oxygen content, which is also responsible for the non-monotonic H k dependence on position 26 . However, a more detailed understanding of these electric fields and their possible contribution to H FL z is needed and requires first-principles calculations.
We further also compared the magnitude of H 
Current-induced switching in the absence of external fields
Finally, we demonstrate that the perpendicular effective field H deterministically switch perpendicular magnetization without the assistance of external magnetic fields. This is shown in Fig. 5a ,b for two representative devices on different sides of the H k peak in Fig. 2c . We were able to reversibly switch the perpendicular magnetization with currents of 6 mA (¼ 5.0 × 10 6 A cm 22 ) for device C (t Ta ¼ 1.67 nm before oxidation; Fig. 5a ) and 3 mA (¼ 2.5 ×10 6 A cm 22 ) for device B (Fig. 5b) . For the first device (dH k /dy . 0), positive currents favour a positive magnetization (resulting in a negative Hall resistance R Hall ), whereas for the latter device (dH k /dy , 0) they favour a negative magnetization. The favoured direction of magnetization for a particular current direction depends on the sign of b and hence the location along the wedge, as expected. Thus, currents of opposite polarities can be used to switch the perpendicular magnetization in opposite directions and the favoured direction of magnetization for each current is determined by the sign of the lateral device asymmetry, quantified by dH k /dy. We obtained similar results for several other devices measured at different points along the wedge. Owing to the correlation between dH k /dy and H FL z (Fig. 4c) , we expect that the current density required for switching can be further reduced by increasing the value of dH k /dy, that is, by creating a larger structural asymmetry in the device. Moreover, the perpendicular H FL z can be used together with conventional SOTs to switch the device. The conventional SOTs can in this case bring the perpendicular magnetization into the sample plane, where it is metastable 30 , and the new torques would determine the switching direction. It should be noted that the new DL term in equation (1) can, in principle, also promote switching of perpendicular magnets by acting as a 'negative' damping. However, based on the experimental EHE loops presented in this work, the observed switching is attributed predominantly to the FL term.
For device applications, the current-induced H FL z can be used in three-terminal structures, where the perpendicular free layer is part of a magnetic tunnel junction. It should also be noted that the non-uniform oxidation method used to create lateral asymmetry in this work is not the only approach that could be used for this purpose. For integration into large arrays (for example, memory chips), a more localized method of generating lateral asymmetry may be more appropriate. We hope this work will motivate research to develop such devices that make use of perpendicular effective fields. In combination with conventional SOTs, these could result in ultralow-power and scalable spintronic memory and logic circuits.
Methods
The stack structure of Ta/CoFeB/ TaO , respectively. No external magnetic field is applied. The favoured magnetization direction corresponding to each current direction is opposite for these two devices, due to the opposite orientations of the current-induced H FL z (that is, different signs of b). All measurements were carried out at room temperature.
